Abstract: Bulky aluminum Lewis acids such as MAD and MABR are introduced as new efficient catalysts in substoichiometric amounts for the allylation of aldehydes with allyltributylstannane. In addition, chemoselective allylation of a less hindered or aromatic aldehyde was achieved with catalytic amounts of the carbonyl receptor aluminum tris(2,6-diphenyl-phenoxide) (ATPH).
The Lewis acid promoted allylation of aldehydes using allystannanes or their less reactive counterparts allylsilanes is a versatile synthetic tool. 1 Numerous Lewis acids like TiCl 4 , SnCl 4 , BF 3 ◊EtO 2 , or AlCl 3 promote this reaction but they seem to be required in stoichiometric amounts and there is little precedent for Lewis acid catalysis. Recently however, it has been shown that chiral (acyloxy)borane, 2 silver(I), 3 titanium(IV), 4 zirconium (IV), 5 and rhodium(III) 6 complexes respectively, are capable of catalyzing the reaction of aldehydes with allystannanes or allylsilanes with excellent enantioselectivity, although reaction times are very long (up to 70 hours). Furthermore, these catalysts are often lacking broad substrate tolerance. Ytterbium trifluoromethanesulfonate has been recently introduced as catalyst for the allylation of aldehydes with allyltributylstannane. 7 We would like to report here the hitherto unknown capacity of bulky organoaluminum reagents as very efficient catalysts for the reaction between aldehydes and allyltributylstannanes even when they are employed only in catalytic amounts.
To evaluate the ability of organoaluminum Lewis acids as suitable catalysts for allylation of aldehydes the reaction between benzaldehyde 1 and allyltributylstannane 2 was investigated as a test system. When Me 3 Al or (i-PrO) 3 Al, respectively, were used in substoichiometric amounts (10 mol%) to catalyze this reaction only trace amounts of the desired homoallylic alcohol 3 were yielded even after prolonged reaction times and increased reaction temperatures (Table 1) . However, 10 mol% of (p-MeC 6 H 4 O) 3 Al was able to afford the formation of 3 in 33% yield after 3 h reaction time at -20°C. We were delighted by the finding that the allylation reaction was accelerated to a great extent when the exceptionally bulky Lewis acid methylaluminum bis(2,6-di-tert-butyl-4-methylphenoxide) (MAD) was used. 8, 9 Ten mol% of MAD catalyzed the formation of 3 in 87% yield within 3 h at -20°C (Table 1, Entry 4). 8 Introduction of electron-withdrawing groups in the paraposition of the bulky phenol ligands resulted in further acceleration of the rate. Thus, methylaluminum bis(4-bromo-2,6-di-tert-butyl-phenoxide) (MABR) 8, 9 performed the reaction between 1 and 2 to yield the desired product 3 in excellent yield (93%) within 1 h at -20°C (Table 1 , Entry 5). It turned out that MABR is the reagent of choice for the catalytic allylation of aldehydes with allyltributylstannane. It is noteworthy that aluminum tris(2,6-diphenylphenoxide) (ATPH) 8, 9 which is known to complex carbonyl functionalities very tightly due to its bowl-like shape 11 is capable of promoting catalytic allylation of benzaldehyde as well (Table 1 , Entry 6). Bulkiness of the phenoxide ligands in the organoaluminum Lewis acids seems to be a prerequisite for catalytic activity and efficiency. This might be due to decreased unfavorable interactions of the bulky aluminum reagent with the reaction products (ROSnBu 3 ) which would result in reduced catalytic efficiency.
We further investigated the scope of the MABR catalyzed reaction of various aldehydes with allyltributylstannane. Table 2 summarizes the results obtained. Characteristic features are: (1) aromatic aldehydes were allylated in excellent yields within short reaction times (Entries 1-4). (2) In the reaction with a linear aliphatic aldehyde prolonged reaction time was necessary and the yield was lower (Entry 5). Lower reaction temperature (-78°C) effected the suppression of side reactions and best yields. (3) When a a-substituted aliphatic aldehyde was employed the cor- ATPH has been known to tightly complex carbonyl functionalities in the cavity of its bowl-shape ligand scaffold.
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It has been reported that ATPH is able to discriminate between structurally similar aldehydes and thereby facilitates the selective functionalization of a less hindered aldehyde as it has been demonstrated for hetero-Diels-Alder and aldol reactions. 12 Recently it has been shown that Diels-Alder reactions between a carbonyl and diene due to encapsulation of both substrates by ATPH can be achieved. 13 In all the reported examples stoichiometric amounts or even an excess of ATPH (up to 2.2 eq.) has to be employed to achieve the desired selectivities. Encouraged by our results obtained in the reaction between aldehydes and allyltributylstannane catalyzed by bulky aluminum reagents we investigated whether these reagents are capable to perform chemoselective catalytic allylation of one alcohol out of an equimolar mixture of two structurally different aldehydes (Scheme 1).
In our initial investigation it turned out that treatment of an equimolar mixture of hexanal 4 and trimethylacetaldehyde 5 with 5 mol% ATPH (1.00 mmol of each aldehyde were treated with 0.10 mmol of ATPH) at -78°C and subsequent addition of allyltributylstannane resulted in the selective allylation of the less hindered aldehyde to form 6 exclusively (Scheme 1). The formation of the homoallylic aldehyde 7 through allylation of trimethylacetaldehyde 5 was not detected by means of TLC and 1 H NMR analysis. In marked contrast MABR and Yb(OTf) 3 afforded the allylation with sufficiently lower chemoselectivity (Scheme 1).
Selected examples for the catalytic allylation of different aldehydes by ATPH are listed in Table 3 . Table 3 demonstrates that ATPH used in catalytic amounts is able to promote highly selective allylation of two aliphatic aldehyde carbonyl functionalities which differ in their steric constraints. Thus, hexanal 4 when it is in an equimolar mixture with trimethylacetaldehyde or cyclohexanecarboxaldehyde, respectively, is recognized by the Lewis acid receptor ATPH and selectively allylated in good yield (Entries 1, 2) . Unfortunately, attempted selec- 
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tive functionalization of one aldehyde out of a mixture of hexanal and benzaldehyde led to disappointing results (Entry 3). However, when two aldehydes of similar steric demands were employed (benzaldehyde and cyclohexanecarboxaldehyde) functionalization of the aromatic aldehyde proceeded with satisfying selectivity (Entry 4). Furthermore, chemoselective allylation of two sterically different aromatic aldehydes can be achieved. Thus, treatment of an equimolar mixture of benzaldehyde and mesitaldehyde with 5 mol% ATPH and allyltributylstannane effected the allylation of benzaldehyde predominantly (Entry 5).
In conclusion, we have introduced bulky aluminum Lewis acids as new efficient catalysts for the allylation of a variety of aldehydes with allyltributylstannane. In addition, it has been demonstrated that catalytic amounts of the carbonyl receptor ATPH are sufficient for the recognition of a less hindered or aromatic aldehyde and its chemoselective allylation. Strategies which further enhance the catalytic activity of the bulky monomeric aluminum reagents, as well as an enantioselective process are currently under investigation.
